Background: A simple real-time PCR assay using one set of primer and probe for rapid, sensitive and quantitative detection of Plasmodium species, with simultaneous differentiation of Plasmodium falciparum from the three other Plasmodium species (Plasmodium vivax, Plasmodium ovale and Plasmodium malariae) in febrile returning travellers and migrants was developed and evaluated.
falciparum-specific (0.91, 0.8 -1) primers, or with the microscopy results (0.70, 0.6 -0.8). The realtime assay was 100% sensitive and specific for differentiation of P. falciparum to non-P. falciparum species, compared with conventional PCR or microscopy. The real-time PCR assay can also detect individuals with mixed infections (P. falciparum and non-P. falciparum sp.) in the same sample.
Conclusion: This real-time PCR assay with melting curve analysis is rapid, and specific for the detection and differentiation of P. falciparum to other Plasmodium species. The suitability for routine use of this assay in clinical diagnostic laboratories is discussed.
Background
Plasmodium falciparum and Plasmodium vivax account for the majority of malaria cases worldwide [1] . Plasmodium falciparum is responsible for complications and death, mainly in non-immune individuals. On the other hand, P. vivax and Plasmodium ovale induce mild malaria symptoms restricted to fever with rare complications, while Plasmodium malariae infections result in mild symptomatic malaria. Furthermore, P. vivax and P. ovale produce dormant liver stages that may result in relapse of infection months to years later, while P. malariae infections can persist for decades, although dormant liver forms are not thought to occur.
It is currently estimated that 50-80 million individuals from industrialized countries visit malaria-endemic areas each year and approximately 10,000-30,000 travellers contract malaria [2] , among which severe malaria accounts for approximately 5% (range 1-38%) [3] , with a mortality rate ranging from 0.6% to 3.8% mainly resulting mostly from late and/or misdiagnosis, and delayed treatment administration [4] [5] [6] [7] [8] . Because about 90% of travellers who contract malaria will not become ill until returning home, preventing malaria-associated morbidity and mortality requires improved rapid and accurate laboratory diagnostic tools detecting low parasitaemia and differentiating febrile patients with P. falciparum from the other Plasmodium species. Such diagnostic, performed at the time of patient admission, will allow a prompt and adequate treatment and follow-up [9] .
Light microscopy of thick and thin Giemsa-stained blood smears remains the gold standard for malaria diagnostic [10] . However, even in expert hands (increasingly missed in industrialized countries), microscopy demonstrated limitations, mostly related to low sensitivity (detection limit: 10-50 trophozoites/µl) and misdiagnosis [4, [11] [12] [13] [14] [15] . In some case, parasite morphology is damaged due to exposition to prophylactic medication or auto-medication, making malaria biological diagnosis more difficult.
Alternative methods for laboratory diagnostic of malaria have been developed, including fluorescence microscopy of parasite nuclei stained with acridin orange and rapid dipstick immunoassays. The advantages offered by these methods, such as the fact that a result can be obtained within half an hour by non-skilled technicians, are tempered by three limitations reviewed by Moody et al [16] : 1) the dipstick tests do not improve sensitivity over microscopy and the sensitivity decreases as parasitaemia falls below 100 parasites/µl [17] ; 2) false positives are observed, particularly after treatment, as the parasite antigens detected can remain in the circulation following parasite clearance, or in the presence of pneumococcal meningitis infection [18] ; and 3) many dipstick tests are specific to P. falciparum infections.
A variety of PCR-based techniques have been developed for the genus or species-specific diagnosis of malaria parasite infection [11, 13, [19] [20] [21] . While demonstrating increased sensitivity and specificity, they remained labour-intensive, time-consuming and prone to carry more DNA contamination during manipulation of postamplification products. The recent advance of a real-time quantitative PCR technique has proven usefulness in various applications, including parasite detection, species differentiation, gene expression and regulation, and allelic discrimination [22] [23] [24] [25] [26] [27] [28] [29] [30] . However, the large majority of developed real-time PCR assays used many set of primers and/or probes to analyse each sample, thus increasing cost and reliability.
To date, one fluorescence resonance energy transfer (FRET) real-time PCR assay using one set of primer and probe [31] , and two others real-time PCR methods using one set of primer and SYBR green dye [26, 32] for Plasmodium sp. identification and species differentiation have been evaluated. The principal limitation of these assays was the lack of sensitivity of parasite detection: two to 30 parasites/µl of blood according to the study. Furthermore, the real-time PCR approach using SYBR green dye did not avoid the quantification of non-specific amplification products [33] . Here, a real-time PCR assay using a single set of primer and FRET hybridization probe for sensitive and quantitative detection of Plasmodium species, with simultaneous differentiation of P. falciparum from other human Plasmodium species was developed and evaluated. Results from the real-time PCR assay were compared to conventional PCR methods and microscopy examination of blood smears.
Methods

Origin of the clinical specimens and DNA template preparation
A total of 119 blood samples were collected in EDTA tube from travellers or migrants admitted to the Saint André University Hospital in Bordeaux, with suspected clinical malaria from years 2000 to 2006. Blood samples were collected before the initiation of the antimalarial treatment. One aliquot of each sample was used for routine biological diagnostic in the Biology Laboratory and the other one was stored at -80°C until use. DNA was extracted from 200 µl of blood using either the QIAamp DNA mini Kit (QIAGEN) or using an automated DNA extraction machine (MAGNA PURE LC, Roche Diagnostics, Indianapolis, Ind.) according to the manufacturer's instructions. The samples were run blindly for real-time PCR and conventional PCR assays.
Primer and probe design
The primers and probes were designed using the multicopy, stable and highly conserved [34] 18S rRNA gene single-stranded sequences of Plasmodium species available from GenBank (P. falciparum, accession number: AL010278; P. vivax, accession number: U83877; P. ovale, accession number: L48986 and P. malariae, accession number: M54897). The primers and probes are summarized in Table 1 . Figure 1 shows their position and the alignment results of the 18S rRNA gene single-stranded sequences using the ClustalW multiple sequence alignment program (EMBL -European Bioinformatics Institute, Cambridge, UK). The sequences of the primers and the anchor FRET hybridization probe were designed to be perfect matches (i.e., 100% homologous) to the P. falciparum, P. vivax, P. ovale and P. malariae sequences. The sequence of the acceptor FRET hybridization probe was designed on the basis of one nucleotide mismatch difference that distinguish the 18S rRNA gene of the P. falciparum from those of the three other Plasmodium species. To ensure proper hybridization of the probe to the target sequence, oligonucleotides with a Tm at least 5°C higher than the actual annealing/extension temperature were chosen as probes. The 3' end of the anchor FRET hybridi-zation probe was labelled with fluorescein isothiocyanate (FITC) and the 5' end of the acceptor FRET hybridization probe with LCRed705. Possible oligonucleotide dimers formation and/or self-complementarity and the theoretical melting temperatures of primers and probes (Tms) were calculated using Oligo programme version 4 (Light-Cycler Probe Design Software, Roche). Oligonucleotide primers and probes were obtained from Eurogentec and Proligo, respectively. The P. falciparum-specific primers were designed to amplify a 120-bp region from the cytochrome c oxidase subunit 1 (cox1) mitochondrial gene.
FRET real-time PCR Amplification and detection
Purified DNA templates were amplified in a LightCycler analytical PCR system (version 6.0, Roche Diagnostics, Indianapolis, Ind.). The real-time PCR was performed using the "LightCycler DNA Amplification Kit Hybridization Probes" (Roche Diagnostics, Mannheim, Germany), according to the manufacturer's instructions. The reaction was realized in a final volume of 20 µl in each capillary tube containing 3.0 mM MgCl 2 , 0.5 µM of each primer, 0.25 µM of acceptor probe, 0.20 µM of anchor probe, 2 µl of 10× LightCycler-FastStart DNA master hybridization probe mixture, and 10 µl of extracted DNA. After a short centrifugation (700 g for 10 s), the sealed capillaries were placed into the LightCycler. The PCR program ran as follows: (i) 8 min at 95°C for enzyme activation and DNA denaturation, and (ii) 45 PCR amplification cycles consisting of 95°C for 15 s, 57°C for 10 s, and 72°C for 8 s. The temperature transition rate was 20°C/s in the denaturation and annealing steps and 5°C/s in the polymerization step. In the final cycle, the melting curve was obtained by initially heating to 95°C for 1.50 mn and subsequently cooling the samples to 45°C for 30 s. A final heating step to 95°C was realized with a controlled temperature transition rate of 0.4°C/s. The resulting fluorescence was recorded starting at the final 95°C heating step using the parameter "continuous mode" and the F3/F1 channel. 
Interpretative criteria
The presence of an amplification or quantification curve for the LC705 signal captured in the F3 channel of the LightCycler, in conjunction with a melt curve with a melting temperature (Tm) of about 60.0°C, was considered a positive result for the P. falciparum; the presence of a quantification curve with a corresponding melt curve with a Tm of about 65.0°C was considered a negative result for the P. falciparum species and positive for at least one of the other three species. The absence of a quantification curve was considered as negative for the fourth species.
Analytical sensitivity
The minimum detection limit of the Plasmodium FRET assay was evaluated by use of a 10-fold dilution series of DNA (5000 to 0.25 parasites in a 20 µl PCR reaction volume) extract from blood samples recovered from four patients infected with P. falciparum (parasitaemia: 0.01% in Giemsa-stained thin blood smear). Each experiment included one reaction mixture without DNA as a negative control, and each specimen was run in duplicate for realtime PCR assay in parallel to conventional PCR.
Analytical specificity
To estimate the analytical specificity of the Plasmodium FRET assay, DNA was obtained and managed from European individuals who have never travelled to malaria endemic area (n = 10) or patients diagnosed with other infectious microorganisms (Toxoplasma gondii, Leishmania infantum, Pneumocistis carinii, Loa loa and Trypanosoma brucei gambiense, n = 2 samples for each microorganism).
Clinical specimen's sensitivity and specificity
The clinical sensitivity and specificity of the Plasmodium FRET assay for detecting and identifying malaria parasite species were calculated on 119 whole-blood samples, using conventional Giemsa-stained blood smear as the reference gold standard.
Primer and fluorescence probe positions selected for FRET PCR of Plasmodium 18S rRNA gene 
Conventional PCR amplification
Two conventional PCR procedures were conducted: one with Plasmodium genus-specific primers (the same primers used in real-time PCR assay) and another with P. falciparum-specific primers. 
Statistical analysis
The 95% confidence intervals of proportions were calculated using the exact binomial test. Concordance between the results of real-time PCR and either conventional PCR assay or microscopy was analysed using the Kappa test [35] . All statistical analyses were performed using the SAS software (version 8.2).
Results
Detection of Plasmodium genus and species differentiation
DNA extracted from blood samples recovered from seven febrile patients harbouring Plasmodium species (Giemsastained blood smear positive) was used as a template for this assay: patients presenting with single species infections diagnosed by microscopical examination (two patients with red blood cells harbouring P. falciparum or P. vivax, and one with P. ovale or P. malariae) and one patient with red blood cells harbouring both P. falciparum and P. ovale. Typical amplification plots (change in fluorescent signal versus cycle numbers) with a Ct varying from 24.8 to 31.8 were obtained. Conventional PCR with genus-specific primers (the same primers used for realtime PCR) and DNA sequence analysis confirmed the specific amplification of the 18S rRNA gene of Plasmodium species fragment. The FRET real-time PCR assay data allowed differentiating P. falciparum from the other three Plasmodium species. Mixed parasitism (P. falciparum plus non-P. falciparum) were identified by the presence of the two peaks simultaneously (Figure 2 ). The melting curve means Tms (standard deviation) were 61.0 (0.8)°C for P. falciparum (means of three patients, two harbouring P. falciparum only and the other with two Plasmodium species) and 67.0 (0.7)°C for the three other species (means of five individuals infected, four harbouring non-P. falciparum only and the other one mixed infection).
Analytical sensitivity and specificity
The sensitivity, inter-and intra-assay variabilities for four independent experiments are shown in Figure 3A . Positive signals (Ct values) were found for all dilutions except for 0.25 parasite per reaction. A detection limit of 0.5 P. falciparum per PCR volume was achievable. The Ct mean values (standard deviations), ranging from 27.9 (2.0) for 5000 parasites per PCR volume to 42.6 (0.9) for 0.5 parasite per PCR volume. Amplification efficiency of real-time PCR reaction varied between 87 to 98% according to experiment ( Figure 3B) . A significant coefficient of correlation was found for the mean Ct values and P. falciparum concentration (r = -0.98) ( Figure 3B ). These DNA samples diluted were also amplified by conventional PCR with genus-specific primers and followed by electrophoresis and ethidium bromide staining ( Figure 3C ). The limit of detection was five parasites per PCR volume ( Figure 3C ). The conventional PCR assay was ten times less sensitive than the FRET real-time PCR assay. No PCR amplification by either real-time PCR, or conventional PCR with genusspecific primers was observed with any DNA samples obtained from European individuals who have never travel to malaria endemic area or patients infected with T. gondii, L. infantum, P. carinii, L. loa filaria or T. brucei gambiense. Melting curve temperatures (Tms) of P. falciparum were defined as Tms of DNA samples that were positive by 18S real-time PCR with only one melting curve and positive by conventional PCR using both genus-and P. falciparum-spe-cific primers. The Tms of non-P. falciparum species were defined as Tms of DNA samples that were > than Tm values of P. falciparum, positive both by 18S real-time PCR with only one melt in a curve and conventional PCR using genus-specific primers and, negative by conventional PCR using P. falciparum-specific primers. According to these definitions, we found that the melt curve means Tms (standard deviation) in clinical isolates were 60.5°C (0.6°C) for P. falciparum DNA amplicons and 64.6°C (1.8°C) for non-P. falciparum sp DNA amplicons. These results were closely related to melting temperature of 60.0 and 65.0°C for P. falciparum and non-P. falciparum sp respectively, that were estimated during primer and probe design using Oligo 4.0 software (LightCycler Probe Design Software, Roche). Tms of the P. falciparum or non-P. falciparum species were similar between geographic origin of parasite (Figure 4 ).
Clinical specimen sensitivity and specificity
Real-time PCR and conventional PCR assays
The results shown in Table 2 Table 2) . (Table 3) . A full agreement for Plasmodium sp. detection and species differentiation between both assays was found (Kappa coefficient: 0.70, CI 95% : 0.6 -0.8).
Real-time PCR and microscopy
Seven patients identified with Giemsa-stained blood smear as negative were positive with real-time PCR (five as P. falciparum infection and two as non-P. falciparum species). Eight DNA samples with undetermined species by microscopy were identified as P. falciparum by the realtime PCR (Table 3) . These results were confirmed by conventional PCR assays using both genus-and P. falciparumspecific primers. The real-time PCR was able to detect mixed infection (P. falciparum + non-P. falciparum species). Two patient samples positive for P. ovale (Giemsastained films) were recorded as samples harbouring P. fal-ciparum and non-P. falciparum species with real-time PCR assay. One patient which microscopic result was mixed infection (P. falciparum and P. vivax, 2.6% and < 0.01% of parasitaemia, respectively) was also identified as mixed infection (P. falciparum + non-P. falciparum sp.) with realtime PCR assay (Table 3) . However, three patients with Giemsa-stained films positive for mixed infection (P. falciparum and P. malariae) were mono-infection with realtime PCR assay (2 patients with P. falciparum and one with non-P. falciparum sp.) ( Table 3 ).
Discussion
A real-time PCR method using the FRET system for detection of malaria parasites, with simultaneous differentiation of the most threatening parasite P. falciparum from the three other Plasmodium species (P. vivax, P. ovale and P. malariae) was described. In order to increase the sensitivity Tm of the assay, a species-specific region of the Plasmodium 18S (small subunit) rRNA gene was targeted, as this gene contains multiple copies dispersed throughout the Plasmodium genome [36] . The real-time PCR results were compared with those of conventional PCR and microscopy.
The proposed protocol was performed in 90 minutes, including 30 minutes for DNA extraction, 15 minutes for mix preparation, and 45 minutes for amplification and results interpretation. In clinical isolates obtained from returned travellers, an equivalent concordance rate between real-time PCR assay and conventional PCR (≥ 97%) or microscopic (94%) was found. The specificity to detect Plasmodium sp. was 100% and the real-time PCR assay was able to detect parasitaemia less than 0.01% (microscopy examination). The proposed PCR method demonstrates a higher sensitivity to identify cryptic malaria infections. Seven febrile patients with negative Giemsa-stained films were positive with real-time PCR method. The analytical real-time PCR assay threshold was 0.5 compared to five parasites per PCR reaction with conventional PCR assay using genus-specific primers (the same primer used for real-time PCR assay). This sensitivity is more important than that was previously obtained by Swan and colleagues using similar approach [31] , and correspond favourably to other published methods, specifi-cally real-time PCR assays using TaqMan probes [23, 25, 27, 37] . This high sensitivity is very important in term of biological diagnostic of imported malaria, as many returning travellers and migrants, sometimes under prophylactic medication or auto-medication, display febrile symptoms with very low-grade parasitaemia. In some case, parasite morphology is damaged due to exposition to prophylactic medication or auto-medication, making malaria biological diagnosis using microscopy more difficult.
The set of DNA primer and probe proposed in this study demonstrated a high specificity to differentiate P. falciparum from the three other Plasmodium species (P. vivax, P. malariae and P. ovale), based on the melting curve. Monoinfections were systematically identified, and realtime PCR has been even more effective than microscopy examination, identifying undetermined parasites, identified as Plasmodium sp. by microscopist due to the lack of specific form of parasites or morphological damages often resulting from previous or current antimalarial treatment. The real-time PCR assay was able to identify mixed infection (P. falciparum and non-P. falciparum sp.) and individual harbouring only gametocytes or gametocytes and asexual stages from different malaria Plasmodium species. Two patients who Giemsa-stained films were positive for Geographically diverse malaria isolates obtained from returning febrile travellers and migrants were analysed to ensure that the assay would reliably differentiate P. falciparum from the three other species despite the parasite origin. The result indicates that the single base pair mismatched which allowed differentiation of P. falciparum to the three other species is well conserved between geographic regions of parasite which was evaluated. Single base differences theoretically may also exist between strains within a species from different geographic regions, but our results indicate that no variance was found among individual isolates. Additional specimens from other regions around the world would be required to confirm these observations.
Recently, Plasmodium knowlesi, a species that has morphological similarities with P. malariae, has been identified as a human pathogen in patients from Malaysia [38] . Sequence analysis indicates that this species may also be amplified by using the set of primer and probe proposed in this study, and the expected Tm will be similar to that of non-P. falciparum species. Further confirmations are needed by testing P. knowlesi specimens with this real-time PCR method.
Conclusion
A rapid, FRET real-time PCR assay using one set of primer and probe for the diagnosis of Plasmodium sp. in febrile returning travellers and migrants was described. An important advantage of this approach is the higher sensi-tivity and specificity for the detection of Plasmodium sp. and to differentiate P. falciparum from the three other malaria parasite species (P. vivax, P. malariae and P. ovale), based on the melting. Concurrently to microscopic examination, such results can be used to ensure rapid treatment administration and proper follow-up of the malaria attacks by the practitioner. Except for P. falciparum and P. malariae mixed infection, the ability to provide accurate species identification in the same sample used for detection of the parasite is also a greatest attribute of this method. The proposed protocol is performed through automated extraction, amplification and interpretation allowing access to any laboratory technician without specific knowledge in the field of malaria. Although the relatively high cost of real-time PCR technology may preclude its use in resource-poor clinics, its performance characteristics, combined with its rapid results, suggest that it may be a useful diagnostic adjunct in industrialized countries.
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